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INTRODUCTION
The microenvironment strongly influences stem cell characteristics in various ways. These effects include changes in differentiation-associated gene expression via epigenetic mechanisms, e.g., chromatin modifications, and related changes in transcriptional activity.
Several reports from recent years, including from our lab, have demonstrated how substrate characteristics such as stiffness and roughness, and incorporation of specific cell binding motifs influence the differentiation of various types of stem cells in a cell context-specific manner [1] [2] [3] [4] . This is particularly important when addressing neural tissue modeling since threedimensional context of cell-cell interactions and cytoarchitecture is prohibited in conventional 2D cultures. 3D models of the developing brain, such as cortical organoids, can give insight into interplay between for example neurons and astrocytes, giving rise to functional synapses.
Organoid growth relying only on cells self-assembly may however result in mixtures of cells with neural and non-neural characteristics with poor reproducibility, which in turn may lead to non-physiological cell interactions. Accordingly, a wide range of alternative solutions for optimization of stem cell research and tissue engineering has been tested during recent years.
Spider silk has been suggested to be an ideal biomaterial [5] [6] [7] [8] , due to its extreme mechanical properties [9] combined with local tolerance when implanted in living tissues [10] [11] [12] . A recombinant spider silk protein (4RepCT, consisting of 4 tandem repeats and the C-terminal domain of the major ampullate spidroin 1) that corresponds to approximately 10% of the native spider silk protein, can be readily produced in E.coli and spontaneously assembles into films, foams and fibers [13, 14] . 4RepCT matrices provide excellent substrates for human primary fibroblasts [14] , and we have demonstrated that this recombinant spider silk protein provides a suitable substrate also for culturing of rodent cortical neural stem cells (NSCs) as these cells proliferate, survive, retain multipotency, and differentiate efficiently on film structures derived from 4RepCT [15] . The analysis of differentiation in this previous study was based on gene expression and protein production, and it is still not known whether the differentiated cells derived from neural stem cells grown on 4RepCT are functional. As it has been shown repeatedly that the expression of differentiation markers not necessarily correlate with functionality [16] , such functional analysis is required before proceeding with transplantations and in vivo studies in animals.
MATERIALS AND METHODS

Production of protein matrices:
The recombinant miniature spider silk protein 4RepCT was produced in Escherichia coli and purified as described previously [17] . A procedure for depletion of lipopolysaccharides (LPS) was also included [18] . After purification, the protein solution was sterilized by passage through 0.22 μm filter and concentrated to 3 mg/mL by ultrafiltration (Amicon Ultra, Millipore) before preparation of foam matrices according to Widhe et al [14] . Matrices were allowed to dry over night at room temperature under sterile conditions and stored in room temperature until use. Before plating the cells, the matrices were washed twice with sterile PBS and pre-incubated with serum-free DMEM:F12 media (Sigma-Aldrich) for 1 h at 37 °C with 5% CO2. The matrices were prepared in six-well cell culture polystyrene plates or 35mm in diameter polystyrene plates (Sarstedt). For surface morphology, SEM and in depth analysis of the substrates, please see Widhe et al [14] .
Neural Stem Cell (NSC) culture: NSCs were isolated from the cerebral cortices of day E15.5 embryos obtained from pregnant Sprague Dawley rats largely as described previously [16, 19] . Cells were mechanically dissociated followed by culture in serum-free DMEM:F12 media (Gibco) enriched with N2 supplements. Cells were maintained in proliferating state using 10 ng/ml fibroblast growth factor 2 (FGF2; R&D Systems) and passaged twice before usage in the experiments. NSCs were then seeded at a density of 10,000 cells/cm 2 and allowed to proliferate response to AMPA and ATP was determined using MATLAB software (The MathWorks Inc.) as described previously [20] considering only increases of more than 30% compared with the baseline as positive response. Drugs were bath-applied following previous protocol [16] .
Statistical analysis: Statistical analysis and graphs were performed using the software Prism 4 (Graph Pad). When 2 groups were compared, statistical analysis was performed using twotailed unpaired t-test. When repeated measurements taken at different time points from 2 groups were compared, two-way ANOVA analysis of variance was used. The threshold value for statistical significance (a value) was set at 0,05 (*p < 0,05). Data are presented as the mean ± standard error of the mean (SEM) of independent experiments.
RESULTS
Control cultures
In control cultures, NSCs derived from rat cortex of embryonic day 15 (E15) were cultured in optimal conditions seeded on polystyrene cell culture plates precoated with poly-L-ornithine and fibronectin. This protocol is well-established and widely used, and provides homogenous cultures of multipotent progenitors for a large number of passages [2, [21] [22] [23] [24] . The NSCs expand undifferentiated and self-renew in N2 supplemented medium in the presence of FGF2. In contrast, NSCs grow poorly or not at all on uncoated polystyrene plates or plates coated with either poly-ornithine or fibronectin [2, 15, 21] .
4RepCT foam structures provide efficient substrates for neuronal differentiation of neural stem cells as assessed by morphology and markers
After initial expansion of the primary cells, we seeded NSCs after the first passage on 4RepCT
foam structures and in control conditions, respectively. NSCs seeded on 4RepCT foam structures attached and proliferated 24-72 hrs after the passage (Figure 1 ) signaling agonists as previously described [16] . Calcium signaling was measured , whereas astrocytes should respond to ATP in both conditions [28, 30] . Cells were further characterized functionally by treatment with the selective ionotropic glutamate receptor (GluR) agonist AMPA, which, in the presence of extracellular Ca foams and differentiated by co-treatment of BMP4 and Wnt3a compared to around 10% grown on control substrates (Figure 4) . The functional characterization of NSC-derived neurons validated our previous observation [16] that expression of markers for post-mitotic neurons, e.g., MAP2, were not sufficient to make conclusions regarding the functionality of stem cellderived neurons.
DISCUSSION
So far, most approaches in cell therapy of the central nervous system (CNS) have been based on administering relatively homogenous cells to rather homogenous brain structures. However, CNS is highly organized with specific functional centers consisting of mixed cell types, and due to the strictly organized anatomy of the CNS, 3D-approaches are not only recommended, it is required for continued progress in applied stem cell research and regenerative medicine.
Recombinant spider silk provide several potential advantages over other materials used as matrices and/or over the natural material: (i) it displays mechanical integrity and can be processed into different 3D structures [13, 14] , (ii) the production is scalable [31] , (iii) the sequence of the proteins can easily be modified to contain also cell binding motifs [32] , (iv) recombinant spider silk fibers evoke little inflammatory reaction and are gradually degraded when implanted subcutaneously [33] , and (v) the material is chemically defined and of nonanimal origin, and thus a possible substrate for long-term, xeno-free cell culture.
Our system has some differences and advantages compared to most published protocols hitherto. First, as previously described, NSCs cultured and differentiated on 4RepCT do not require any additional coating, allowing a xeno-free substrate for organoid cultures as Here we employed 4RepCT foams in NSCs differentiation in order to successfully identify a defined 3D culture system for NSCs. The 4RepCT foam structure supports NSC attachment, survival, and differentiation into functional neurons in 3D, and 4RepCT 3D foam implantation has already been successfully applied in animal studies, suggesting it to be a near-ideal candidate for future studies of NSC differentiation and formation into functional circuits in vitro and for tests for use of NSCs in cell therapy in various models of neurological disease in vivo.
Current studies focus on the implementation of multipotent human induced pluripotent stem cell (hIPSC)-derived neural progenitors and 3D bioprinting to achieve optimally controlled development of human brain/ganglion-like structures in vitro.
CONCLUSION
Foam-like structures generated from recombinant spider silk protein (4RepCT) permit differentiation of neural stem cells into functional, AMPA-responsive neuronal circuits in 3D
without animal-or human-derived components. We propose that matrices generated from recombinant spider silk protein are suitable for development of applications in stem cell research, tissue engineering, and regenerative medicine. 
